Relative influence of noncovalent interactions on the melting points of a homologous series of 1,2-dibromo-4,5-dialkoxybenzenes Ana Fonrouge, a Florencia Cecchi, a Pablo Alborés,
Crystal structures are presented for two members of the homologous series of 1,2-dibromo-4,5-dialkoxybenzenes, viz. those with decyloxy and hexadecyloxy substituents, namely 1,2-dibromo-4,5-bis(decyloxy)benzene, C 26 H 44 Br 2 O 2 , (II), and 1,2-dibromo-4,5-bis(hexadecyloxy)benzene, C 38 H 68 Br 2 O 2 , (III). The relative influences which halogen bonding, -stacking and van der Waals interactions have on these structures are analysed and the results compared with those already found for the lightest homologue, 1,2-dibromo-4,5-dimethoxybenzene, (I) [Cukiernik, Zelcer, Garland & Baggio (2008) . Acta Cryst. C64, o604-o608]. The results confirm that the prevalent interactions stabilizing the structures of (II) and (III) are van der Waals contacts between the aliphatic chains. In the case of (II), weak halogen C-BrÁ Á Á(Br-C) 0 interactions are also present and contribute to the stability of the structure. In the case of (III), van der Waals interactions between the aliphatic chains are almost exclusive, weaker CBrÁ Á Á interactions being the only additional interactions detected. The results are in line with commonly accepted models concerning trends in crystal stability along a homologous series (as measured by their melting points), but the earlier report for n = 1, and the present report for n = 10 and 16, are among the few providing single-crystal information validating the hypothesis.
Comment
The design of advanced materials exhibiting selected crystalline structures based on specific intermolecular interactions is nowadays one of the main conceptual tools in materials science. Knowledge of the strength and directionality of noncovalent interactions (hydrogen bonds, -stacking, halogen bonds etc.) allows for such design and hundreds of successful examples can be found in growing research fields like crystal engineering (Desiraju, 2003) or supramolecular chemistry (Steed & Atwood, 2009; Bruce, 2012) . In most cases, the structure is governed by one prevalent interaction (and was designed on this basis). The predictability of the crystal structure that a given compound will adopt, on the basis of the intermolecular interactions it can exhibit, is high in such cases, but diminishes when the number of competing interactions rises. One way to explore the relative influence of different interactions, keeping some constant and allowing for a smooth variation of just one or two, is to work with different members of an homologous series.
In a study of the structure of dihalogenodimethoxybenzene compounds (Cukiernik et al., 2008) , we found that the structure of 1,2-dibromo-4,5-dimethoxybenzene, (I) (Scheme 1), extends through a combination of -, dipolar and halogenbonding interactions. In this work, we report the crystal structures of two heavier homologues in this series, namely 1,2-dibromo-4,5-bis(decyloxy)benzene, (II), and 1,2-dibromo-4,5-bis(hexadecyloxy)benzene, (III), and analyse the relative influence halogen bonding, -stacking and van der Waals interactions have on the structures and, consequently, on some physical properties of these compounds.
Fig. 1 presents molecular views of both (II) and (III)
, where their striking 'jellyfish-like' geometry (which defines their packing characteristics) is apparent. The bond lengths and angles are unremarkable, and a distinguishing feature is the 'straight' character of the terminal aliphatic chains, as seen in the extremely narrow span of the C-C-C-C torsion angles, i.e. 171.0 (6)-179.9 (10) in (II) and 174.13 (11)-179.9 (2) in (III).
According to their geometric disposition, C-XÁ Á Á(X-C) 0 interactions (X = halogen) have historically been divided into types I and II (see Scheme 2); for further details, see Desiraju & Parthasarathy (1989, and references therein) . In the case of (II) ( Table 1 ) molecules interact weakly via C-BrÁ Á Á(Br-C) 0 contacts of types I and II, some of them at the upper limit for stabilizing BrÁ Á ÁBr distances. On the basis of accumulated experimental evidence, there is an increasing tendency to accept small (though not negligible) stabilization effects arising from rather long BrÁ Á ÁBr contacts [up to 10% longer than twice the Br van der Waals radius, $3.7 Å ; see, for example, Jones & Kuś (2007 , 2011 ) and Al-Far & Ali (2007 ].
The first and second entries, corresponding respectively to type I and type II contacts (Fig. 2a, labelled A) , define dimeric units arranged in a head-to-head fashion (Fig. 2a, labelled B) . In turn, as a consequence of a third C-BrÁ Á Á(Br-C) 0 type-I contact (Table 1 , entry 3) in conjunction with van der Waals interactions between aliphatic chains, these dimeric units are held together as one-dimensional strands parallel to b. van der Waals interactions between parallel aliphatic chains also link the dimeric units along c, defining broad planar arrays parallel to (100), $a/2 wide along a (Fig. 2a, labelled C) . Fig. 2(b) gives a simplified view of the way in which both kinds of BrÁ Á ÁBr interactions build up.
The case of compound (III) is similar in general terms, viz. leading van der Waals interactions between aliphatic chains result in broad planar arrays parallel to (100), but the results are realized in quite different ways. To begin with, the head-tohead contacts joining antiparallel units in (II) are replaced by noticeably weaker C-BrÁ Á Á contacts (Table 2) between parallel groups in (III), as shown in Fig. 3(a) (labelled A). These halogenÁ Á Á interactions, presented in detail in Fig. 4 , define columnar arrays along c (Fig. 3b, labelled B) , which in turn interleave their long aliphatic chains, linking them into broad planar arrays parallel to (100), $a/2 wide along a (Fig. 3 , labelled C).
These results are of significance for interpreting some physical properties of these compounds, namely their melting point (m.p.). Indeed, the trend of the m.p. along the whole homologous series, according to literature data (Sauer & Wegner, 1988; Kalashnikova et al., 2003; Wohrle & Schmidt, 1988; Hanack et al., 1990) , is shown in Fig. 5 . In order to be able to discuss this trend in terms of the crystal structures solved here, we measured the m.p. of the structurally characterized compounds directly by differential scanning calorimetry (DSC) on single crystals from the same crop used for structure elucidation. Single crystals of (II) melt at 316.5 K (ÁH = 66 kJ mol À1 ) and single crystals of (III) melt at 332.5 K (ÁH = 86 kJ mol À1 ), very close to the previously reported values for powder samples. This agreement validates the use of the present structural information for the interpretation of the m.p. trend along the whole series.
This kind of behaviour (an initial decrease in m.p. with increasing chain length n, up to a certain value of n, then a progressive increase in m.p. with further increasing n, up to a The molecular structutres of (a) (II) and (b) (III), showing the atomnumbering schemes. Displacement ellipsoids are drawn at the 40% probability level. electronic reprint limiting value) is frequently found in homologous series with polar components (aliphatic alcohols, aliphatic carboxylic acids etc.; Lutton, 1967; Weast, 1986) and is often interpreted in terms of a diblock molecular architecture, in which both molecular blocks (here denoted 1 and 2) exhibit different packing requirements. For a homologous series, one of the molecular blocks (e.g. 2) is the aliphatic chain; in such a case, the usual argument takes the form that, for short aliphatic chains, the packing is governed by the other block, 1; increasing chain length progressively disturbs this packing, facilitating the melting process. For long-chain homologues, the packing of the aliphatic chains is the main driving force for the crystal structure; in those cases, block 1 acts as a disturbing agent for the packing, this effect being stronger (lower m.p.) as chain length decreases. These kinds of arguments are found in the fields of physical organic chemistry, polymers and liquid crystals (Platé Shibaev, 1974; Weber et al., 1990; Ibn-Elhaj et al., 1992) . However, although these arguments are accepted and often based on powder X-ray diffraction evidence, they are not always supported by single-crystal crystallographic evidence.
In the present case, the structures of (I), (II) and (III) provide direct experimental support for this interpretation. Indeed, the crystal structure of (I) is essentially built up byand halogen-bond interactions, while the prevalent interactions driving the structures of (II) and (III) are van der Waals interactions between the aliphatic chains. In the case of (II), halogen C-BrÁ Á Á(Br-C) 0 contacts are still present and contribute to the overall stability of the structure. In the case of (III), van der Waals interactions between the aliphatic chains are almost exclusive, weaker C-BrÁ Á Á(ring centroid) contacts being the only additional interactions detected.
Possible future avenues for obtaining additional evidence for the homologous series under study could be to crystallize and solve the structure of the n = 2 homologue, as well as to find the 'transition point', i.e. the n value for which the headto-head arrangement found in (II) is replaced by the 'tailcontact' arrangement found in (III). Further work on the subject is in progress.
Experimental
All chemical precursors were purchased from Aldrich and used without further purification. Differential scanning calorimetry (DSC) was performed with a Shimadzu DSC-50 apparatus. Elemental analysis was carried out at the Servicio a Terceros of INQUIMAE on a Carlo Erba CHNS-O EA1108 analyser.
1 H NMR spectra were measured on a Bruker AM500 spectrometer, using CDCl 3 as solvent and its residual peaks as internal references (7.26 p.p.m. for 1 H). Both (II) and (III) were synthesized in two steps from catechol (benzene-1,2-diol). The first step consisted of a Williamson's etherification of both hydroxy groups by reacting catechol with the appropriate bromoalkane, following published procedures (Boden et al., 1993) . The second step was an aromatic electrophilic substitution in the activated para positions relative to the alkoxy chains.
For the preparation of 1,2-dibromo-4,5-bis(decyloxy)benzene, (II), 1,2-bis(decyloxy)benzene (1.282 g) was dissolved in cold CH 2 Cl 2 (16 ml), placed in a two-necked flask equipped with an NaHSO 3 bubbler with pressure compensation and immersed in an ice bath. Bromine (0.35 ml dissolved in 5 ml CH 2 Cl 2 ) was added dropwise and the mixture was allowed to warm to room temperature. The progress of the reaction was monitored by thin-layer chromatography (TLC) (CH 2 Cl 2 -cyclohexane, 1:3 v/v). When the reaction was complete, it was stopped by the addition of aqueous NaHSO 3 . The aqueous phase was discarded and the organic phase was washed successively with water, aqueous NaHSO 3 and water, and then dried with anhydrous Na 2 SO 4 , filtered and evaporated to dryness in a rotary evaporator. The solid was recrystallized from ethanol (yield 1.56 g, 87%). 1 H NMR (500 MHz, CD 3 Cl): 7.058 (s, 2H), 3.94 (t, 4H), 1.78 (q, 4H), 1.44 (q, 4H), 1.34-1.27 (m, 24H), 0.88 (t, 6H). Single crystals were obtained by slow cooling (2 K per day) of a concentrated ethanol solution of (II).
For the preparation of 1,2-dibromo-4,5-bis(hexadecyloxy)benzene, (III), the synthetic procedure was identical to that followed for the preparation of (II), but using 1,2-bis(hexadecyloxy)benzene (2.009 g dissolved in 25 ml CH 2 Cl 2 ) instead of 1,2-bis(decyloxy)benzene and 0.40 ml Br 2 instead of 0.35 ml (yield 1.88 g, 73%). Analysis found (calculated for C 38 H 68 Br 2 O 2 ) (%): C 63.6 (63.68), H 9.6 (9.56). 1 H NMR (500 MHz, CD 3 Cl): 7.06 (s, 2H), 3.94 (t, 4H), 1.78 (q, 4H), 1.44 (q, 4H), 1.34-1.27 (m, 48H), 0.88 (t, 6H). Single crystals were obtained by slow cooling of and solvent evaporation from a concentrated solution of (III) in chloroform.
Compound (II)
Crystal data Compound (III) posed no problems, either in the data collection or in the model refinement. In contrast, (II) showed disorder in the hydrophilic region, for which a low-temperature data set was needed to resolve the problem. In this way, a reasonable model could be refined, even when neglecting some (impossible to model) disorder effects. This was evident in some important reflection outliers, as well as in some significant Á peaks, e.g. 1.67 e Å À3 at 2.04 Å from Br1.
All the H atoms in (III), and most of those in (II), were visible in difference maps, but they were subsequently placed in geometrically idealized positions and allowed to ride on their parent atoms, with aromatic C-H = 0.93 Å , methylene C-H = 0.97 Å and methyl Table 1 Geometry of the C-XÁ Á Á(X-C) 0 interactions (Å , ) in (II) (X = halogen).
The mean interaliphatic distance is 3.80 Å . (15) 118.6 (2) 118.6 (2) I C1-Br1Á Á Á(Br2-C2) 
Table 2
Geometry of the C-XÁ Á Á interaction (Å , ) in (III) (X = halogen).
Cg1 is the centroid of the C1-C6 ring. The mean interaliphatic distance is 3.90 Å . 
0.4 (10) C10-C11-C12-C13 175.6 (6) C17-O2-C4-C3 −5.4 (9) C11-C12-C13-C14 176.9 (7) C17-O2-C4-C5
175.5 (6) C12-C13-C14-C15 −178.5 (7) C7-O1-C5-C6 0.4 (9) C13-C14-C15-C16 178.2 (8) C7-O1-C5-C4 −177.5 (6) C4-O2-C17-C18 −176.2 (5) C3-C4-C5-O1 −178.3 (6) C17-C18-C19-C20 171.6 (6) O2-C4-C5-O1 0.8 (8) C18-C19-C20-C21 −179.8 (7) C3-C4-C5-C6 3.6 (9) C19-C20-C21-C22 178.9 (7) O2-C4-C5-C6 −177.2 (6) C20-C21-C22-C23 178.5 (7) C2-C1-C6- 
